We experimentally demonstrate optical clock recovery from quantum dot mode-locked semiconductor lasers by interband optical pulse injection locking. The passively mode-locked slave laser oscillating on the ground state is locked through the injection of optical pulses generated via the first excited state transition from the hybridly mode-locked master laser. When an optical pulse train generated via the first excited state from the master laser is injected to the slave laser oscillating via ground state, the slave laser shows an asymmetric locking bandwidth around the nominal repetition rate of the slave laser.
INTRODUCTION
Injection locking of semiconductor lasers has been considered as an effective technique to control lasers both in the frequency and time domains. Reducing mode partition noise and relaxation oscillations, narrowing the linewidth and synchronizing many lasers to a single master laser using small injection powers have been demonstrated by injection locking techniques [1] [2] [3] . Clock recovery using injection locking techniques such as sub-harmonic, fundamental or harmonic optical pulse injection has been demonstrated and studied using quantum well (QW) [4] [5] [6] [7] . Quantum dot (QD) based mode-locked lasers as a clock recovery source is now an attractive choice for high speed all-optical clock recovery due to its superior characteristics, such as its potential for low noise and fast gain recovery, as well as its broad spectrum (~ 100nm) which originates from the ground state (GS) and the excited state (ES) transitions [8] [9] . Recently, the pulse characteristics of quantum dot based mode-locked lasers operating exclusively on the ground state and the excited state transitions have been studied for a two band clock recovery source for telecommunication application [10] . Until now, clock recovery using injection locking techniques has been only achieved by sharing the same spectral band between the master and slave laser under injection locked conditions [4] [5] [6] [7] . In this work, we have experimentally observed that injection locking between a master and a slave laser is possible when a master and a slave laser oscillate via different states transition. This interband injection locking will overcome the physical consideration of sharing the same spectral band between master and slave lasers for injection locking. As a result, one master laser can control different slave lasers whose finite lasing spectral band does not overlap with that of the master laser.
EXPERIMENTAL SCHEMATIC AND SETUP
For this experiment, a QD two-section device which has a gain and saturable absorber section, and a semiconductor optical amplifier (SOA), were fabricated with a ridge-waveguide structure from a QD wafer whose active region is formed by ten layers of InAs quantum dots covered by an InGaAs quantum well layer [11] . The length of gain and saturable absorber of the QD two-section device is 2mm and 0.25mm, respectively. The gain section is curved with an angle of 7° and tapered at termination to minimize the back reflection from the facet [12] . The QD SOA is also 7° tilted and has a 3 mm length. No high-reflection or antireflection coating was applied onto these devices. For interband optical pulse injection locking, two grating coupled quantum dot external lasers (master and slave) were constructed so each laser operated with a nominal pulse repetition frequency of 4 GHz. Hybrid mode-locking and passive mode-locking is performed on the master laser and the slave laser, respectively. Fig. 1 shows the interband optical pulse injection locking setup. An optical pulse train generated from the master laser oscillating on the ES transition with respect to the slave laser (GS) is injected into the saturable absorber of the slave laser. The injection power level is controlled by a neutral density filter (NDF). The output of the slave laser is taken from the saturable absorber section. The partially reflected output of the slave laser by the pellicle is passed through an optical bandpass filter and then is amplified through a QD SOA. Since the optical bandpass filter allows the spectral band of the slave laser to pass, only the spectral band of the interband optical pulse injected slave laser is detected and analyzed. The lasing band operation on the GS or ES transition is achieved through a grating (900ln/mm) which is externally coupled to a QD curved 2-section device in the Littrow configuration. Experimental details and results are discussed in the subsequent sections. 
INTERBAND OPTICAL PULSE INJECITON LOCKING
First, the optical pulse train from the master laser operating on the ES transition is injected to the saturable absorber of the slave laser oscillating on the GS transition. The two bands (ES and GS) in the saturable absorber of the slave laser are bleached simultaneously by the injected ES optical pulses and the GS optical pulses from the hybridly mode-locked master laser and the passively mode-locked slave laser, respectively.
The bias current of 134 mA to the gain section, a reverse bias of 0 V and an RF power of 15 dBm to the saturable absorber section enables the master laser to be hybridly mode-locked via the ES transition. The slave laser is passively mode-locked via the GS transition by applying a reverse bias of 5.7 V to the saturable absorber and a bias current of 37 mA to the gain section. Both mode-locked lasers nominally operate at the same 4 GHz repetition rate. An angle tuning of the externally coupled gratings enables the master and slave laser to lase via the ES transition (1186.5 nm) and GS transition (1267.5 nm), respectively. The corresponding optical spectra are shown in Fig. 2 . Lasing via the ES transition is achieved through ES amplified spontaneous emission (ASE) generated after a saturation of GS ASE.
To investigate the dynamics of the interband optical pulse injected slave laser, ES optical pulses are injected to the slave laser. The average power of the injected signal is ~ 1 mW. A long pass filter whose cut-on wavelength is 1250 nm is used as an optical filter. It filters the optical power of the master laser partially reflected from the facet of the slave laser, so the optical pulse train generated from the ES optical pulse injected slave laser oscillating via GS transition is only amplified through a QD SOA and is analyzed. The injected interband optical pulse doesn't induce any noticeable change in the optical spectrum of the slave laser as shown in Fig. 3(a) . The resolution of the OSA is 0.01nm. It should be noted that the ES pulse train isn't supported in the slave diode itself due to an insufficient injected current level on the gain section of the slave laser and also due to the round trip losses experienced by the ES pulse due to the externally coupled grating which only reflects the GS optical pulse back to the slave diode laser. As a result, the injected ES optical pulse train first saturates the ES band in the saturable absorber of the slave laser and then is attenuated through the slave oscillator.
The phase and amplitude noise of the slave laser are reduced and an optical pulse train is observed after the injection of the interband optical pulses. As shown Fig. 3(b) and (c), the noise reduction and stable optical pulse train generation of the slave laser mean that the slave laser is locked to the master laser. The video and resolution bandwidth of RFSA are both 10 kHz. We measure the locking bandwidth of the slave laser by changing the repetition rate of the master laser and varying the injection power. The pulse repetition rate of the master laser is achieved by changing the frequency of the signal generator used for hybrid mode-locking. The repetition rate of the master laser is detuned from + 500 kHz to -500 kHz with a noise suppression of 70 dB. The optical injection power level to slave laser is controlled by a NDF. Figure 4(a) shows the locking bandwidth in terms of the injected optical power versus input pulse repetition rate and Figure 4(b) shows the RF spectrum of the slave laser at the maximum detuning of 500 kHz with an estimated 1 mW of injection power. Locking is determined by observing a > 30 dB reduction of the sideband noise from the fundamental tone of RFSA and also by the optical pulse train shown from DSS. The slave laser is locked to much higher injection rate rather than lower injection rate compared to the nominal repetition rate at a given injected optical power. The asymmetric locking bandwidth range can be explained by the causality of the saturable absorber not by the carrier-induced refractive index change caused by the injected interband optical pulses. Since the increase of index induced by ES gain depletion will result in an increase of the effective cavity length of the slave laser and the slave laser would be locked to much lower injection rate compared to the nominal repetition rate of the laser [6] .
CONCLUSION.
In conclusion, we experimentally demonstrate that the slave laser oscillating via GS transition can be locked through injection of optical pulses generated via the opposite transition bands, i.e. ES transition. The locking bandwidths of an interband optical pulse injected laser were measured. When an ES optical pulse was injected to a slave laser oscillating via GS transition, the slave laser showed an asymmetric locking bandwidth and the slave laser was locked to a much higher injection rate. The maximum locking bandwidth of 500 KHz was measured with an estimated 1 mW injection power.
This interband optical pulse injection locking is achieved by interplay between the gain and absorption dynamics within the slave laser. These results represent to our knowledge the first observation of interband optical pulse injection locking in mode-locked semiconductor lasers.
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